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Abstract 

We report the successful passivation of the Mn acceptors in Gai^x-Mn^P upon exposure to a 
remote dc hydrogen plasma. The as-grown films are non-metallic and ferromagnetic with a Curie 
temperature of Tq = 55 K. After hydrogenation the sample resistivity increases by approximately 
three orders of magnitude at room temperature and six orders of magnitude at 25 K. Furthermore, 
the hydrogenated samples are paramagnetic, which is evidenced by a magnetization curve at 5 K 
that is best described by a Brillouin function with g = 2 and J = 5/2 expected for Mn atoms 
in the configuration. These observations unambiguously proof that the ferromagnetism is 
carrier-mediated also in Gai-x^^xP ■ 
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The ferromagnetic ordering in Mn-doped diluted magnetic semiconductors (DMS) is gen- 
erally mediated by holes. In the prototypical IIl-V DMS Gai-^Mn^^As, the transition metal 
Mn incorporates substitutionally on the Ga site in the oxidation state 3+ and acts as a 
relatively shallow acceptor, leading to the formation of Mn^"'"(3(i^) with a spin S = 5/2 
and a hole h'^ in the valence band Therefore, ferromagnetic Gai„j.Mn^.As usually 

exhibits a metallic conductivity. However, for small (x < 0.02) and high (x > 0.07) Mn con- 



centrations also 
been reported [3 



in Gai rrMn^P 



'erromagnetism on the insulator side of the metal-insulator transition has 
. Ferromagnetism without metallic conductivity has also been observed 



flflflQ. 



Here, the Mn acceptor level is much deeper in the band 



gap [9|, [lOl, lull, so that the concentration of valence band holes is negligible at tempera- 



tures below Tq. Rather, photoconductivity experiments demonstrate the formation of an 
acceptor- impurity-band, in which thermally activated hopping processes take place ^. This 
transport is attributed to hopping of highly localized hole states residing in the t2t"Orbitals 
of the Mn rf-shell, which mediate ferromagnetism. 

An equivalent description in a pure electron picture is that the magnetic ordering arises 
from exchange between neighboring Mn^"*", where transfer of electrons between partially-filled 
t2t-orbitals is only possible for ferromagnetic ordering due to Hund's rule (Fig. [1]) ll|, Il2 |. 
In this case the ferromagnetic coupling arises from the stabilizing interactions between the 
partially-occupied orbitals as described by Zhao et al. If, in contrast, the orbitals 
would be fully occupied (corresponding to Mn^^), exchange would involve the transient 
formation of Mn^+fSrf^), which is very unlikely due to the large Hund's coupling energy of 
typically > 1.5 eV l4] accounting for the fact that one of the d-electrons has a spin which 
is antiparallel to the remaining (i-electrons. Therefore, III-V DMS containing exclusively 
Mn^ are expected to be paramag „e*H. I„de.d, the effect of cha„,.g the oxidation 
state of Mn in Gai-^Mn^-P has already been investigated using partial codoping with donors, 
where the saturation magnetization and the Curie temperature decrease with increasing 



compensation [4, ll5[ . An alternative method to manipulate the oxidation state of Mn was 
demonstrated for Gai_a.Mn^As via the incorporation of hydrogen In this letter 

we investigate the infiuence of hydrogenation on the magnetic and electric properties of 
Gai_2;Mn2;P and show that hydrogenation switches the ferromagnetic state of Gai„2.Mn2;P 
to a paramagnetic state while further reducing the conductivity. As shown for Gai-^jMn^-As, 
such hydrogenation treatments can allow a post-growth tuning of the magnetic properties 
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FIG. 1: Schematical tight-binding model of the Mn-related energy levels in Gai_2;Mna;P [ill, [l^. 
The crystal field splits the five 3d orbitals into doubly degenerate and triply degenerate 
orbitals. For Mn^"*", the orbital is occupied by two electrons only, allowing charge transfer 
between neighboring orbitals leading to ferrmagnetic exchange. For Mn^"'' the t2] orbitals are 
full, preventing charge transfer and magnetic ordering. 



of DMS thin fi 
unchanged [lol, 



ms including a magnetic patterning while keeping the surface topography 
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The Gai_a;Mna;P films studied were prepared by ion implantation followed by pulsed-laser 
melting (II-PLM) as described elsewhere j^, 8|. This II-PLM processing results in samples 
having a depth profile of Mn, which— as measured by secondary ion mass spectrometry 
(SIMS)— can be approximated by a Gaussian distribution centered at a depth of 40 nm with 
a width of 20 nm, making it impossible to quote single values for the film thickness and Mn 
concentration. However, as the regions of the film with highest Mn concentration dominate 
both the magnetic and transport properties, samples are discussed here in terms of their 
peak substitutional Mn concentration x = 0.042. Channeling particle induced x-ray emission 



(FIXE) has shown that about 70% of the total Mn concentration is substitutional 22, l23 |. 
The hydrogenation was carried out via a remote DC hydrogen plasma operated at 0.9 mbar 
for 30 h, with the sample heated to 170°C. This temperature is well below 300°C, the 
temperature above which thermal degradation of the layers has been reported [3]. Since ten 
samples investigated have shown very similar behavior upon hydrogenation, we focus here 



on one particular sample already discussed in detail in 



which has a Curie temperature 
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of Tc = 55 K. 

The drastic changes of the magnetic properties induced by hydrogenation of 
Gao.958Mno,o42P are shown in Fig. [21 Before hydrogenation the M{H) magnetization loop 
exhibits a pronounced hysteresis below the Curie temperature Tc = 55 K. For the external 
magnetic field H\ \ [Oil], which is the magnetic easy axis as shown in 8|, the coercive field at 
5 K is fioHc = 2.5 mT (closed squares in Fig. [2]). The rounded shape of the hysteresis loop, 
as well as the additional hysteresis observed for > He was explained by the pinning and 
depinning of domain walls at crystal defects. The magnetization saturates at approximately 
AfiB per substitutional Mn. After hydrogenation ferromagnetism completely vanishes and 
the M{H) loop (open circles) can be described by a paramagnetic, Brillouin-type magneti- 
zation M{H) = Msg,tBj{gfiBJf^oH/kBT). Here Mgat is the saturation magnetization, Bj the 
Brillouin function, g the g factor, fis the Bohr magneton, J the total angular momentum 
quantum number, /iq the vacuum permeability, and ks the Boltzmann constant. The satu- 
ration magnetization is not significantly changed upon hydrogenation, which shows that the 
density of localized Mn magnetic moments remains unaffected by the hydrogenation process. 
The experimental data obtained for the magnetization of the hydrogenated Gai-^^Mn^;? is 
well described with g = 2 and J = 5/2 [full red line in Fig. EJj^b)]. These parameters can 
be understood from the oxidation state: Mn with the electron configuration [Ar]3(i^4s^ is 
substituting Ga with [Ar]3(i^''4s^4p^, where [Ar] is the electron configuration of Ar. The 
three 4s^4p^ valence electrons of Ga contribute to the bonds with the neighboring P atoms, 
leading to Ga in the oxidation state Ga'^+ in a fully ionic picture. Since the Mn acceptor 
level (corresponding to the Mn^'^^^^ charge transfer level) is too deep in Gai^ajMn^jP, the 
electron required to satisfy the octet rule for the bonds to the neighboring P atoms cannot 
be taken out of the valence band. Rather Mn substituting Ga in Gai^^jMn^jP has to be in 
the same oxidation state Mn"^"*" — corresponding to the electron configuration [ArjSc?^. Hy- 
drogenation adds a further electron to the Mn which leads to a 3d^ configuration with (? ~ 2 
and J = 5/2 ^^ corresponding to a Mn^"*" oxidation state or a fully occupied t2T-orbital. 

The change in the oxidation state and the associated full occupancy of the t2'\-OThital leads 
to an electronic passivation of the deep Mn acceptor upon hydrogenation also evidenced by 
the temperature dependence of dark sheet resistivity Pshcot in Fig. [31 Before hydrogenation, 
two thermally activated processes dominate the electronic transport. As described in detail 
in Ref. Q], the high temperature activation energy Ex,i = 27 meV can be attributed to an 
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FIG. 2: (a) Comparison of the dc magnetization M{H) loops of Gao.958Mno.042P before (solid 
squares) and after hydrogenation (open circles) at T = 5 K with the external magnetic field H 
applied along the in-plane [Oil] axis. The right and left vertical axes give the magnetic moment per 
substitutional Mn atom rriMn and the magnetization M of the sample in the region of highest Mn 
concentration, respectively. These values were deduced from the measured total magnetic moment 
mtot as described in Appendix B in Ref. ^. The ferromagnetic hysteresis of the Gao.958Mno.042P 
film vanishes upon hydrogenation. (b) Comparison of the same M(H) loops as in (a) on a much 
broader range of the external magnetic field H. The M{H) loop after hydrogenation is well 
described by a Brillouin-type magnetization with g = 2 and J = 5/2 (solid red curve) expected for 
the paramagnetism of the localized magnetic moments of Mn atoms in the Mn^+(3(i^) state. 
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FIG. 3: Temperature dependence of the dark sheet resistivity before (sohd squares) and after 
hydrogenation (open circles). 

excitation accross the gap between the Mn-derived impurity band and the valence band, 
while the smaller low-temperature activation energy £'a,2 = 4 meV can be associated with 
the formation of a continuous hopping transport path in the Mn-impurity band. Upon 
hydrogenation, pshcot increases by three orders of magnitude at room temperature and by six 
orders of magnitude at 25 K, as expected from the model described above: Via passivation 
of the holes in the detached impurity band, the resistivity at low temperatures increases 
strongly. Treatment of Gai^^^Mni^P with hydrogen has already been reported by Overberg et 



al. [24]. These authors saw an increase of the Curie temperature upon partial hydrogenation, 
which they attributed to the passivation of crystal defects and carbon acceptors. Note 
that they observed a finite magnetization up to 300 K corresponding to a ferromagnetic 
phase different to the one in our films. Furthermore, the present work shows a switching 
from ferromagnetism to paramagnetism induced by hydrogenation, which is correlated to a 
suppression of electronic transport by many orders of magnitude. 

In principle, the significant reduction of the conductivity by hydrogenation could be 
caused by the formation of acceptor-hydrogen complexes or by incorporation of interstitial 
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hydrogen atoms acting as donors and leading to compensation. The position of hydrogen in 
the crystal is still an open question in Gai^^Mn^jP as well as in Gai_^Mna;As. First infer- 
ences can be drawn from local vibrational modes. For group-II acceptor-hydrogen complexes 

there is an increase in the frequency of the local vi- 



in GaAs 125^, InP 



26(, and GaP 



271, 



28 



brational modes with increasing atomic number of the group-II acceptor (Be^Zn^Cd). 
This was taken as an indication that in all cases hydrogen binds to the host anion in 
a (111) bond-centered orientation [2^, which would explain the influence of the identity 
of the group-II acceptor on the mode position. Hydrogenated Gai^-JVln^-As exhibits the 
same mode positions as hydrogenated Mg- and Zn-doped GaAs la, ll8|]. Two independent 



groups 



30, 



31 



32 



33( 1 indeed predict a bond-centered configuration for Gai_a;Mna.As: H to 



be the energetically favored geometry where the H atom is slightly relaxed away from the 
Mn-As bond. However, the missing influence of the mode position on the specific acceptor 
in the case of Mg- and Zn-doped GaAs led Pajot to the alternative suggestion that hydrogen 
is backbonded to one of the As neighbors in acceptor- hydrogen complexes 3J]. We have not 
been able to detect the local vibrational modes in the Gai-^Mn^^P samples studied here by 
Fourier transform infrared spectroscopy (FTIR), probably due to the high Mn concentration 
leading to a broadening of the absorption lines. However, the observation of other group-II 
acceptor-hydrogen complexes in Gai_xMna;P and of Mn-hydrogen in GaAs strongly suggests 
that irrespective of the exact structure, Mn-hydrogen complexes will be formed, indicating 
that passivation is the dominant electrical process. 

In conclusion we showed that ferromagnetism in Gai_^Mn^P can be suppressed via hy- 
drogenation as already reported for Gai^^Mn^jAs. In both cases, the effective oxidation state 
of Mn is changed from 3+ to 2-|-. In Gai-^jMn^jAs the dominant effect of the full occupation 
of the t2T-orbitals is the removal of the acceptor level, in Gai_xMna;P hopping of holes in 
the acceptor impurity band is suppressed. 
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